TAaLE I

Oxidative Activity of BALB/c Macrophages andJ774G8 Cells
--* Overnight cell cultures were exposed for 1 h to medium containing NBT (0.5 mg/ml) and either PMA (100 ng/ml), zymosan particles, 5 × 10S/ml, or Leishmania promastigotes, 5 × 106/ml. Cells were scored as positive if they showed precipitated formazan as described (l). See also Fig. I . Results are the means + SEM of three to eight experiments. Increasing the concentration of PMA to up to 6 p,g/ml (9) had no effect on J774G8 cells. The addition of SOD (1 mg/ ml) to Con A lympbokine (LK)-activated cells inhibited the NBT reaction for all stimuli by 63-73%, indicating dependence on OF. Heated SOD (1 mg/ml) had no effect. ~: Results are expressed as nmol of O~ or H202 released per mg of cell protein per 90 rain (1, 4, 6) , and represent the mean ::!: SEM of three to four experiments in triplicate. PMA was used at 100 ng/ml. To achieve comparable ingestion, control S J774G8 cells were exposed to twofold more zymosan (1 mg/ml) and promastigotes (10 X l0/ml) than BALB/c macrophages or Con A LK-treated J774G8 cells. These adjustments resulted in 84-98% of the cells with ingested zymosan and infection of 63-77% of cells with promastigotes. The addition of SOD, 30 p,g/ml (5), abolished O~ release. § J774G8 cells were cultivated for 18 h before assay in medium containing 25% Con A LK. Control Con A supernate had no appreciable effect on J774G8 cell NBT reduction or O~ or H~O~ release.
(1; and legend to Table I ) were suspended in Krebs-Ringer phosphate buffer with 5.5 mM glucose. These agents were also administered in medium containing 0.5 mg/ml NBT (1, 4). The tatter's reduction to formazan is mostly O~--dependent (7), and cells were scored as positive if ingested zymosan particles or Leishmania were stained blue-black by precipitated formazan (1, 4), or if they showed clumped formazan after phorbol myristate acetate (PMA) stimulation.
Results
Oxidative Activity of J774G8 Cells. Depending upon the clone examined and the assay employed, J774 cells have been reported to generate varying amounts of O~ and H~O2 ranging from none (8, 9) to equal to (5, 9) or exceeding (5, 9, 10) that produced by resident peritoneal macrophages from normal mice. The J774G8 cells were first screened using the qualitative reduction of NBT, and as shown in Table I and Fig. 1 , most adherent J774G8 cells failed to respond to soluble (PMA) and particulate phagocytic stimuli, including zymosan and LD and LT promastigotes. In contrast, these same agents effectively triggered the oxidative burst of normal BALB/c macrophages. The quantitative data in Table I also demonstrate that, depending upon the triggering stimulus, J774G8 ceils released up to 10-fold less O~-and H202 than BALB/c macrophages. Fig. 1 G) . However, in striking contrast to BALB/c macrophages, which killed 80-95% of phagocytized LD and LT (1), J774G8 cells cultivated in standard medium failed to exert any appreciable leishmanicidal activity ( Fig. 2A and B) , and permitted virtually all promastigotes to survive, transform, and persist as amastigotes ( Fig. 1H and I ). 18 h of exposure to Con A lymphokine, however, clearly enhanced the oxidative response of J774G8 cells to all triggering agents including promastigotes (Table I) , which was paralleled by the capacity to display intracellular anti-leishmanial activity (Fig. 2) .
Fate of Leishmania within J774G8 Cells and Effect of Lymphokine Activation. J774G8 cells readily ingested LD and LT promastigotes (
Role of H202.
To define the role of oxygen intermediates in this Leishmania killing, activated J774G8 cells were deprived of exogenous glucose (11) and exposed to soluble scavengers of O~-, H202, and OH. (1, 6; Table II) . As was observed with BALB/c Fro. l. Bright-field micrographs of J774G8 cells (top row) and resident BALB/c macrophages (middle row) 1 h after exposure to NBT and either PMA (A, D), opsonized zymosan (B, E), or LD promastigotes (C, F), as described in the legend to Table I (× 600). In (A), only one J774G8 cell show formazan precipitation (arrow) after PMA; in (B), none respond to ingested zymosan (arrows); and in (C), LD-infected cells (arrows) show little formazan deposition. In contrast, most BALB/c macrophages demonstrate prominent formazan staining after exposure to PMA (D), zymosan (E), and LD promastigotes (17). Bottom row: Giemsa-stained J774G8 cells 2 h (G) (phase-contrast, × 600) and 48 h (H, I) (bright-field, × 900) after infection with LT promastigotes. In (H) and (I), cells contain up to 15 LT amastigotes, and arrows indicate vacuoles housing two to eight replicating parasites. After 18 h of cultivation with 25% Con A lymphokine, J774G8 cells were incubated in .glucose-free medium (11) or in medium containing catalase or SOD for 3 h before and during the 2-h challenge with 5-10 × 106 promastigotes (1, 4, 6) . Results are the means ± SEM of three to five experiments. In two parallel experiments, heated catalase (2 mg/ ml) and the proposed OH. scavengers, mannitol (50 mM) and benzoate (10 raM; 16), had no effect on promastigote kilting.
macrophages (1), both glucose deprivation and the administration of catalase, techniques that decrease macrophage H202 generation (4, 6, 11, 12) , consistently reversed the leishmanicidal activity of lymphokine-treated J774G8 cells. Scavengers of O~-(SOD) and OH. had no effect. In addition (Fig. 2C) , unstimulated J774G8 ceils were infected and then provided with an exogenous source of enzymaticaly generated H202 (6, 12) . This extracellular treatment readily resulted in the killing of intracellular
Leishmania.
Discussion Homogeneous macrophage-like cell lines, including the J774 line, have proven useful as tools for studying a variety of macrophage intracellular and plasma mem-brane-associated activities (13) . The finding that certain of the J774 clones are deficient in the post-phagocytic production of oxygen intermediates (9) provided a convenient model by which to extend our analysis of the role O~-and H202 in macrophage antimicrobial activity (1, 4, 6, 12) . Thus, the demonstration that Leishmania promastigotes can effectively parasitize J774G8 cells, but not macrophages that actively generate oxygen intermediates, appears to reflect the disparate abilities of these cells to mount an effective oxidative response. Although the intrinsic activity of the O~--H202 generating system of J774G8 cells was quite low, it could readily be stimulated by lymphocyte products resulting in appreciable increases in OF and H202 production and the simultaneous induction of leishmanicidal activity. Moreover, the enhanced generation of H202 by lymphokine-treated J774G8 cells appeared to be an important intracellular event as judged by the inhibitory effects of glucose deprivation and exogenous catalase (1, 4, 6, 11, 12) . On the basis of these and other studies (4, 14) , it now seems clear that enhanced oxidative metabolism and antimicrobial activity are two interrelated expressions of the complex process of macrophage activation.
The inability of unstimulated J774G8 cells to generate an effective oxidative burst may explain why these cells are a favorable intracellular environment for the longterm propagation of amastigotes of other Leishmania strains (e.g., L. mexicana amazonensis; 15) . We have also found that LT and LD amastigotes persist for weeks in flask cultures of J774G8 cells. In other unpublished studies, it was observed that like normal macrophages (4), J774G8 cells fail to reduce NBT upon ingestion of Toxoplasma gondii, a parasite that replicates freely within both types of phagocytes. Trypanosoma cruzi epimastigotes, however, behave in a manner similar to Leishmania promastigotes, and trigger the oxidative burst of >80% of BALB/c macrophages, but only 25% of J774G8 cells. Moreover, virtually no epimastigotes survive within BALB/c macrophages, whereas >50% persist intraeellularly after infection of J774G8 cells (H. Murray, unpublished observations). It should also be pointed out that there is a broad spectrum of susceptibility to H202 among T. gondii, Leishmania, and T. cruzi; the first pathogen is resistant and the latter two are susceptible (1, 14) . Thus, as judged by the interaction of these three protozoa with J774G8 cells and BALB/c macrophages, cells that display varying capacities to generate toxic oxygen intermediates, it appears that the ability of parasites to differentially trigger the phagocyte respiratory burst, the magnitude of the oxidative response, and the organism's susceptibility to H202 may all be important determinants of the intracellular fate of ingested protozoa.
Summary
The promastigote form of Leishmania donovani and Leishmania tropica, the etiologic agents of visceral and cutaneous leishmaniasis, respectively, readily parasitize unstimulated J774G8 macrophage-like cells, whereas 80-95% of the same promastigotes are killed within resident macrophages from normal BALB/c mice. This striking difference in intracellular anti-leishmanial activity correlated closely with the capacity to generate toxic oxygen intermediates. Thus, after triggering with phorbol myristate acetate or phagocytosis of zymosan or promastigotes, 90% of the J774G8 cells failed to reduce nitroblue tetrazolium, and released 5-10-fold less O~-and H202 than BALB/c macrophages. Exposure to coneanavalin A-stimulated lymphokine, however, effectively enhanced the oxidative response of J774G8 cells, and, similarly, induced intracellular anti-leishmanial activity. Inhibiting macrophage HzO2 production consistently decreased the killing of Leishmania by lymphokine-treated J774G8 cells. These observations illustrate the usefulness of examining homogeneous macrophage cell lines that are deficient in a particular effector function, and also serve to reemphasize the important role of oxygen intermediates in the microbicidal response of mononuclear phagocytes to intracellular parasites.
